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Anillins and Mid1 are scaffold proteins that play key
roles in anchorage of the contractile ring at the cell
equator during cytokinesis in animals and fungi,
respectively. Here, we report crystal structures and
functional analysis of human anillin and S. pombe
Mid1. The combined data show anillin contains
a cryptic C2 domain and a Rho-binding domain.
Together with the tethering PH domain, three mem-
brane-associating elements synergistically bind to
RhoA and phospholipids to anchor anillin at the
cleavage furrow. Surprisingly, Mid1 also binds to
the membrane through a cryptic C2 domain. Dimer-
ization of Mid1 leads to high affinity and preference
for PI(4,5)P2, which stably anchors Mid1 at the divi-
sion plane, bypassing the requirement for Rho
GTPase. These findings uncover the unexpected
general machinery and the divergent regulatory
logics for the anchorage of the contractile ring
through the anillin/Mid1 family proteins from yeast
to humans.
INTRODUCTION
Cytokinesis is a fundamental process conserved from yeast to
humans, whereas contraction of the actomyosin ring drives
ingression of the plasma membrane and separates a cell into
two daughter cells (Barr and Gruneberg, 2007; Glotzer, 2005;
Pollard and Wu, 2010). The contractile ring, hence the division
plane, has to be anchored at the proper position of the cells until
the completion of cytokinesis, so that each daughter cell inherits
an intact set of genetic materials.
In animal cells, stable anchorage of the actomyosin contractile
ring requires anillin (D’Avino, 2009; Piekny andMaddox, 2010). It
has been long proposed that anillin links the contractile ring to
the furrow membrane (Oegema et al., 2000). Loss of function
of anillins in different biological systems, including cultured cells,
Drosophila embryo, and C. elegans neuoblast, leads to cytoki-
netic failure, which is associated with cleavage furrow regres-Devesion, mislocalization of myosin II, loss of formin at the division
plane, and oscillation of the contractile ring (Fotopoulos et al.,
2013; Hickson and O’Farrell, 2008; Piekny and Glotzer, 2008;
Sedzinski et al., 2011; Straight et al., 2005; Watanabe et al.,
2010; Zhao and Fang, 2005). At the late cytokinesis, the contrac-
tile ring matures into the midbody ring, which eventually lost its
connection with the plasma membrane in the anillin-depleted
cells (Kechad et al., 2012).
It is well known that the N-terminal domain of anillin directly
binds to multiple components of the contractile machinery
(Piekny and Maddox, 2010; Watanabe et al., 2010). Anillin asso-
ciates with the plasma membrane through its C terminus, which
contains a PH domain that binds septins and phospholipids,
PI(4,5)P2 in particular (Liu et al., 2012; Oegema et al., 2000).
A sophisticated signaling network is involved in regulation of
the anchorage of contractile ring through anillin in animal cells.
Rho GTPase provides the spatial cue to recruit anillin to the divi-
sion plane (Hickson and O’Farrell, 2008; Piekny and Glotzer,
2008). RhoGTPase is activated by RhoGEF Ect2 at the cell equa-
tor, and Ect2 is in turn activated by the centralspindlin complex,
which clusters at the plus end of microtubules at the division
plane (Su et al., 2011; Tatsumoto et al., 1999; White and Glotzer,
2012).
However, this centralspindlin-Rho GTPase signaling pathway
is absent in fungi. In S. pombe, the contractile ring is anchored/
positioned at the middle of the cell through the anillin-like protein
Mid1 (Chang et al., 1996; Pollard andWu, 2010; Rincon and Pao-
letti, 2012; Sohrmann et al., 1996). During interphase,Mid1 local-
izes to the interphase nodes, which also contain kinases Cdr1,
Cdr2, and other proteins (Martin and Berthelot-Grosjean, 2009;
Moseley et al., 2009; Pollard and Wu, 2010). Before the onset
of mitosis, Mid1 is release from the nucleus and anchored at
the equatorial membrane, where it recruits IQGAP protein
Rng2, myosin II complex, and many other cytoskeletal proteins
(Almonacid et al., 2011; Laporte et al., 2011; Padmanabhan
et al., 2011; Pollard and Wu, 2010; Saha and Pollard, 2012a).
Recent study indicated that in addition to the Mid1-containing
stationary interphase nodes, there are mobile nodes containing
putative Rho-GEFGef2 and scaffold protein Blt1. TheMid1-con-
taining stationary nodes capture the mobile nodes, leading to
maturation of the cytokinesis nodes (Akamatsu et al., 2014). Be-
sidesMid1, other proteins also play a role in the anchorage of the
contractile ring (Arasada and Pollard, 2014).lopmental Cell 33, 413–426, May 26, 2015 ª2015 Elsevier Inc. 413
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In S. pombe, no Rho GTPase has been found to be involved in
membrane association of Mid1. Instead, the intact nucleus reg-
ulates the position of Mid1 in cells. It has been hypothesized that
a ‘‘receptor’’ on the plasma membrane concentrates Mid1 in the
vicinity of the nucleus when it shuttles out of the nucleus (Paoletti
and Chang, 2000). In fact, Mid1 interacts with the plasma mem-
brane through its C-terminal domain, which contains a PH
domain and an amphipathic sequence (Celton-Morizur et al.,
2004). While the amphipathic sequence is critical for membrane
association of Mid1, the general lipid-binding PH domain is not
(Lee and Wu, 2012; Paoletti and Chang, 2000). Thus, it remains
mysterious how Mid1 is anchored at the division plane.
To understand how the contractile ring is anchored at the
cleavage furrow through anillin and Mid1, and how much the
mechanisms are related to each other across evolution, we
report crystal structures of the anillin-homology domain (AHD)
of human anillin, its complex with RhoA, and the C-terminal
domain of S. pombe Mid1. The combined structural and func-
tional analyses reveal the common elements of anillin and
Mid1 in binding to the plasma membrane and the contractile
ring. Yet, they do evolve divergent mechanisms in response to
the distinct regulatory signals for the anchorage of contractile
ring during cytokinesis in metazoans and yeasts.
RESULTS
Anillin Contains a Cryptic Membrane-Binding C2
Domain
The C-terminal region of anillin consists of the AHD and PH do-
mains (Figure 1A), which is a monomer in solution (Figure S1A).
To facilitate crystallization, we removed the PH domain and
generated a truncated construct containing residues 712–981
of human anillin. Native crystals diffracted to 2.1 A˚ and phases
were obtained by single isomorphous replacement using anom-
alous scattering (SIRAS) (Table 1 and Figure S2).
The structure shows the AHD is a fusion of two previously un-
recognized domains: an anti-parallel coiled-coil domain and a b
sandwich domain, which are connected together through a
disordered region (residues 786–801) (Figure 1B). Both the
coiled-coil domain and the b sandwich domain are highly
conserved in animals (Figure S1B). There is a very long disor-
dered loop (residues 888–933) between the b5 and b6 strands
in the b sandwich domain.
Interestingly, a Dali search indicated that the b sandwich archi-
tecture of anillin adopts a C2-like domain organization, andFigure 1. Anillin Contains a Cryptic Lipid-Binding C2 Domain
(A) Domain organization of human anillin. The N terminus of anillin (residues 1–420
an actin-binding domain (ABD).
(B) Overall structure of the AHD. The RBD (blue) and the C2 domain (orange). The
N and C termini are indicated.
(C) The AHD domain shows a preference for binding to negatively charged lipids
(D) Multiple sequence alignments of anillins around the lipid-binding motif. Posit
(E) The L3 loop is responsible for the lipid binding of the AHD. Assays were done a
15 residues in the L3 loop (residues 895–909) deleted.
(F and G) Quantification of cleavage furrow localization of varied constructs of an
Scale bar, 2 mm. The distribution profiles of various proteins during cytokinesis i
(H) Quantification of binuclear cell formation. HeLa cells were treated with siRNA t
of anillin (full-length). Error bars show SD. AHD-PH (A740D), AHD-PH (E758K), an
758 mutated to lysine, and seven lysine residues in the L3 loop replaced with ala
Deveits coordinates could be superimposed with C2 domain of
Munc13 with a Dali Z-score of 11 (Figure S1C; Holm et al.,
2008). The C2 domain of anillin is highly distorted, with three of
the b strands breaking into two segments. The long disordered
loop of anillin corresponds to the Ca2+-binding L3 loop of a
typical C2 domain (Cho and Stahelin, 2006). Since many C2
domain-containing proteins bind lipids, we tested the lipid bind-
ing properties of the AHDof anillin. Indeed, the AHDdomain pref-
erentially bound negatively charged lipids, like PI(4,5)P2 and PS,
but not PC and PE in vitro (Figures 1C and S1D).
We then dissected the lipid-binding motif within the AHD.
Unlike the typical C2 domains, Ca2+ did not stimulate lipid bind-
ing of anillin (Figure S1E). Instead, the structure of AHD reas-
sembles the C2 domain of PTEN, which is rich in positively
charged and hydrophobic residues in the L3 loop (Lee et al.,
1999). Eight positively charged (lysine/arginine) and four hydro-
phobic residues (isoleucine, proline, and leucine) cluster in the
middle of the L3 loop of anillin, which has 11 positively charged
and 12 hydrophobic residues in total, suggesting this loop may
mediate the binding of AHD to the negatively charged lipids
(Figures 1D and S1B). Consistent with this idea, this loop alone
was sufficient to bind PI(4,5)P2 in vitro (Figure S1F), and dele-
tion of this region completely abolished lipid binding of AHD
(Figure 1E).
Lipid-Binding Element of the C2 Domain Is Important for
the Anchorage of Anillin at the Cleavage Furrow in Cells
To test themembrane binding function of the C2 domain of anillin
in cells, we first introduced different constructs of anillin into
HeLa cells and examined their cellular localization. As reported
before (Piekny and Glotzer, 2008), expression of the AHD-PH
domain lead to clustering of the protein at the cleavage furrow
during cytokinesis. Mutation/deletion of the L3 loop resulted in
diffuse distribution of the proteins inside the cells (Figures 1F
and S1G). These data suggest the anchorage of anillin at the
cytokinetic furrow requires the C2 domain.
To assess the generality of this idea, we also examined
the subcellular localization of anillin in Drosophila S2 cells.
Similar to human anillin, expression of the AHD-PH domain of
Drosophila anillin resulted in its targeting to the cleavage furrow
in 90% of the cells during cytokinesis (Figure 1G), consistent
with the earlier result (D’Avino et al., 2008). Truncation of the
lipid-binding L3 loop or replacement of the positively charged
residues with alanine abolished its enrichment at the division
plane. These results indicated that the C2 domain is a conserved) contains a formin-binding domain (FBD), a myosin-binding domain (MBD), and
lipid-binding motif is disordered in the crystals and is shown as dotted line. The
. The data points are connected with a line to show the trend of binding.
ively charged residues are in blue; hydrophobic residues are in magenta.
s in (C). AHD (WT): AHD of anillin (712–981); AHD (L3-del): AHDmutant with the
illin in HeLa cells (F) and Drosophila S2 cells (G). Error bars show SD, *p < 0.01.
n S2 cells were shown in (G, bottom panel).
o knockdown the endogenous anillin and were rescued with various constructs
d AHD-PH (L3-7KA): anillin (712–1124) with Ala 740 mutated to aspartate, Glu
nine, respectively.
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Table 1. Data Collection and Refinement Statistics
AHD (Anillin) AHD (Anillin)_ NaI AHD-RhoA AHD-PH (Mid1) AHD-PH (Mid1)_Au AHD-PH (Mid1)_Hg
Data Collection
Space group C2221 C2221 P1 P3121 P3121 P3121
Cell Dimensions
a, b, c (A˚) 91.553, 126.913,
54.521
88.437, 127.703,
54.421
54.311, 52.434,
103.101
80.941, 80.941,
314.440
81.321, 81.321,
314.447
81.290, 81.290,
314.737
a, b, g () 90.0, 90.0, 90.0 90.0, 90.0, 90.0 77.869, 74.138,
85.728
90.0, 90.0, 120.0 90.0, 90.0, 120.0 90.0, 90.0, 120.0
Resolution (A˚)a 50-2.1 (2.18-2.10) 50-3.2 (3.26-3.20) 30-2.1 (2.18-2.10) 78.6-2.8 (2.95-2.80) 30-3.11 (3.23-3.11) 30-3.21 (3.34-3.21)
Rsym or Rmerge
b 11.2 (67.6) 30.9(94.7) 9.0 (50.9) 10.7(63.5) 7.0 (65.1) 10.0 (69.5)
I/sIc 14.9 (2.0) 11.9 (2.0) 15.7 (3.0) 12.4(3.2) 27.8 (2.4) 18.6 (2.0)
Completeness (%) 96.8 (87.8) 100.0 (100.0) 98.1 (97.3) 86.5 (33.7) 97.8 (96.2) 99.6 (100)
Redundancy 4.8 (4.5) 21.7 (16) 3.3 (3.3) 10.1 (7.9) 8.0 (7.8) 4.5 (4.7)
Wavelength (A˚) 0.9793 1.6 0.97916 0.9793 1.0395 0.97929
CC1/2d 0.905 0.920 0.791 0.899 0.953 0.859
Phasing
resolution (A˚)
30-3.2 (3.29-3.20) 30-3.21 (3.29-3.21)
FOM for acentric
reflectione
0.32 (0.09) 0.37 (0.11)
FOM for centric
reflection
0.30 (0.10) 0.45 (0.12)
Number of sites 11 9 19
Refinement
Resolution (A˚) 36.6-2.10 (2.23-2.10) 30-2.10 (2.14-2.09) 68-2.80 (2.91-2.80)
No. of reflections 17,691 (2,592) 61,564 (4,013) 26,437 (1,036)
Rwork/Rfree
f 21.8/24.8 17.3/20.6 23.5/26.9
No. of Atoms
Protein 1,659 2,979 6,483
Ligand/ion 0 2/2 0/0
Water 72 417 0
No. of Chains
Protein 1 4 3
Nuclear acid 0 0 0
Mass BFU (kDa)g 32 53 78
B-Factors
Protein 39 30 74.4
Ligand/ion – 37/32 –
Water 53 44 –
RMS Deviations
Bond lengths (A˚) 0.007 0.007 0.003
Bond angles () 0.930 1.048 0.669
Molprobity score/
Clashscore
1.49 (98th
percentile)/2.98
1.4 (99th
percentile)/5.15
1.87 (99th
percentile)/7.53
Abbreviations: AHD (anillin), native crystal of the AHD domain of anillin; AHD (Anillin)_ NaI, anillin crystal soaked with NaI. AHD-RhoA, the AHD in the
complex with RhoA; AHD-PH (Mid1), native crystal of the truncated C-terminal domain of Mid1; AHD-PH (Mid1)_Au, Mid1 crystal soaked with
KAu(CN)2; AHD-PH (Mid1)_Hg, Mid1 crystal soaked with thiomersal.
aHighest resolution shell is shown in parentheses.
bRsym = Rmerge=
P
hkl
P
ijIi(hkl)  <I(hkl)>j/
P
hkl
P
iIi(hkl), where Ii is the observed intensity and <I(hkl)> is the average intensity of multiple observations.
cI/sI=intensity/standard deviation of intensity.
dCC1/2 is the Pearson correlation coefficient of two half-datasets.
eFOM, figure of merit.
fRwork=
P
hkljFobs(hkl)  Fcal(hkl)j/
P
hklFobs(hkl), where Fobs and Fcal are observed and calculated structure factor, respectively. Rfree is calculated for a
randomly chosen 5% of the reflections, and Rwork is calculated with the remaining 95% of the reflections.
gBFU, biological functional unit.
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Figure 2. Structure of Anillin in Complex
with RhoA
(A) Structure of the anillin-RhoA complex. Anillin is
colored as in Figure 1. RhoA is colored green. The
bound GTP and Mg are colored magenta and
shown as a stick and sphere, respectively.
(B) Expended view of the anillin-RhoA interactions
(boxed region in A).
(C) Sequence alignments at the RBD region of
anillins in animals. Alignments were done with an
EBI Clustal-omega server. Residues involved in
RhoA interaction (yellow); conserved residues (*);
highly similar residues (:); and similar residues (.)
are shown. The mutated residues are labeled with
red triangles.element that is crucial for the anchorage of anillins at the division
plane in animal cells.
To test the biological importance of the membrane-binding
C2 domain of anillin, we knocked down the endogenous anillin
and rescued the cells with various anillin constructs. As re-
ported before (Piekny and Glotzer, 2008), knocking down anillin
with small interfering RNA (siRNA) lead to 80% reduction of
the cellular anillin and cytokinesis failure in 50% cells, and
expression of the siRNA resistant wild-type (WT) protein
rescued the binuclear phenotype (Figure 1H). As expected,
deletion of the lipid-binding L3 loop (L3-del) or replacement
of the positively charged residues to alanine (L3-7KA) signifi-
cantly diminished the ability of the mutants to rescue the binu-
clear phenotype.
Anillin Binds RhoA through a Conserved Coiled-Coil
Rho-Binding Domain
To understand how RhoA recruits anillin, we determined the
crystal structure of anillin in complex with a constitutively active
RhoA (Q63L) in the presence of GTP. The structure indicates
that RhoA binds to the N-terminal anti-parallel coiled-coil
domain of anillin (Figure 2A), without direct contact with the
C2 domain as proposed (Piekny and Glotzer, 2008). We term
this conserved coiled-coil domain the RhoA-binding domain
(RBD).
RhoA in the complex is in active conformation, and interacts
with the RBD of anillin mainly through hydrophobic interactions,
involving the GTP-sensing switch I and switch II regions. These
interactions cover a hydrophobic surface of the RBD, including
Ala740 in aA Helix, Ala 759 and Leu 762 in aB Helix (Figure 2B),
and burying a modest solvent inaccessible area of 700 A˚2. TheDevelopmental Cell 33, 413–residues of RBD interactingwith RhoA are
highly conserved in animals (Figures 2C
and S3A), suggesting the mechanism of
membrane recruitment of anillin by Rho
GTPase may be conserved throughout
the animal kingdom.
The observed structural information
is supported by mutagenesis: perturb-
ing the RhoA-binding interface with a
single point mutation ANL(A740D) or
ANL(E758K) eliminated the binding of
anillin to RhoA in vitro (Figure S3B). Thesame set of RhoA-binding mutations disrupted the recruitment
of the proteins to the cleavage furrow in cells (Figure 1F). As a
result, the same point mutations greatly reduced the ability of
the proteins to rescue the cytokinesis failure (Figure 1H).
Synergistic Action of the RBD, C2, and PH Domains
Stably Anchors Anillin at the Cytokinetic Furrow
Membrane
The structures of anillin uncovered two cryptic membrane-
associating elements: the RBD and the C2 domains. Together
with the well-known PH domain (Liu et al., 2012), anillin con-
tains three membrane-associating elements. As mutation/
deletion of any of these elements disrupted cleavage furrow
localization of anillin in HeLa cells (Figure 1F), it indicated that
they work in a cooperative manner to stably anchor the protein
at the division plane.
To obtain mechanistic insights into this synergy, we quanti-
fied the contribution of these elements to the membrane
binding affinity of anillin using surface plasmon resonance
(SPR). Consistent with the pelleting assays, SPR measurement
indicated that the AHD has a weak affinity toward PI(4,5)P2
liposome, with a disassociation constant (Kd) of 14 mM
(Figures 3A and S4A–S4D). The affinity to PS liposome is
even weaker. The AHD did not bind PC/PE liposome (data
not shown). Addition of the PH domain to the AHD domain
(AHD-PH) increases the affinity of anillin to PI(4,5)P2 and PS
by a factor of 4 (Figure 3D). Thus, anillin directly interacts
with the plasma membrane though cooperative action of the
C2 and the PH domains.
The contribution of the RBD results from its binding to
RhoA. We first quantified their binding affinity using isothermal426, May 26, 2015 ª2015 Elsevier Inc. 417
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Figure 3. Synergistic Actions of Multiple Weak Elements Stably Anchor Anillin and Mid1 at the Plasma Membrane
(A) SPR measurements of the binding affinity of anillin to the PI(4,5)P2 vesicle. RhoA* indicated lipid-modified RhoA.
(B) ITC analysis of the binding of anillin to RhoA. DS = 37.1 cal/mol/deg and DH = 3.97 kcal/mol.
(C) SPR measurements of the binding of WT and mutant Mid1 to PI(4,5)P2 and PS.
(D) Disassociation constants of anillin and Mid1 to PI(4,5)P2 and PS vesicles (Kd, mM). Relative fold enhancement of the binding affinities of anillin and Mid1 is
shown in parenthesis.titration calorimetry (ITC). Consistent with the modest contacts
observed in the structure, ITC measurement indicated that anil-
lin binds RhoA weakly, with a Kd of 7 mM (Figure 3B). As RhoA
is attached to the plasma membrane with its lipidated C-termi-
nal tail, it would stabilize the membrane association of anillin.
Indeed, the lipid-modified RhoA purified from insect cells
increased the binding affinity of AHD (AHD + RhoA*) to PI(4,5)
P2 liposome by 8-fold. The synergy of all three membrane-
associating elements (AHD-PH + RhoA*) stimulates the affinity
even further, with a Kd of 0.28 mM (50-fold enhancement; Fig-
ure 3D). The same trend holds true for the affinity of anillin to-
ward PS liposome. Thus, these quantitative analyses indicate
that although each individual element is weak, their synergistic
action provides strong avidity to the membrane, which is
required for the stable anchorage of anillin at the plasma mem-
brane in cells.
Anillin Links the Contractile Apparatus to the Division
Plane
It is a long-standing hypothesis that anillin links the contractile
ring to the division plane (Oegema et al., 2000). Given the binding
of anillin to actin filament and other contractile ring components
through its N-terminal domain, the illustration of the mechanism
of how anillin is anchored at the cleavage furrow membrane
through its C-terminal domain provides a physical basis to sup-
port this hypothesis.
The N-terminal domain of anillin is involved in binding of mul-
tiple contractile components (D’Avino, 2009; El Amine et al.,
2013; Piekny and Maddox, 2010). To explore the function of
anillin as a linkage factor, we tested whether the multifaceted
activities of the N-terminal domain can be reduced to as simple418 Developmental Cell 33, 413–426, May 26, 2015 ª2015 Elsevier Inas binding of the contractile ring. To do this, we replaced the
N-terminal domain of anillin with different actin-binding proteins
and investigated whether artificial recruitment of the ring pro-
teins to the division plane restored the function of anillin during
cytokinesis. As expected, expression of the C-terminal domain
of anillin (AHD-PH) alone could not rescue the defects in cells
knocking down the endogenous anillin. Fusion with the tandem
calponin-homology (CH) domain of filamin (CH-AHD-PH), which
binds actin filament with modest affinity (Sawyer et al., 2009),
partially rescued the cytokinetic failure (Figures 4B and 4C).
The incomplete rescue phenotype is not unexpected, as faithful
cytokinesis needs stable binding to the contractile ring that the
tandem CH domains might not fully afford. To generate a stron-
ger binder, we fused the C-terminal anillin with myosin regula-
tory light chain (MLC), which is a stable subunit of the myosin II
complex and widely used as a marker to track the position of
myosin II (Hickson and O’Farrell, 2008; Piekny and Glotzer,
2008). Remarkably, the MLC-AHD-PH fusion protein rescued
the binuclear phenotype to the level comparable to the WT anil-
lin (Figure 4C). MLC alone could not rescue the binuclear
phenotype. These data suggested that stable binding to the
contractile ring components is the primary function of the
N-terminal domain of anillin, while the C-terminal domain is
for the anchorage at the division plane.
The N-terminal region of Mid1 binds myosin and IQGAP, both
of which are conserved components of the contractile ring from
yeast to humans (D’Avino, 2009; Shannon, 2012). Our model
suggests the N-terminal region of anillin and Mid1 may be func-
tionally exchangeable. To test this possibility, we made a
chimera protein composed of the N-terminal domain of Mid1
and the C-terminal domain of anillin (Mid1-AHD-PH). Thec.
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Figure 4. Anillin Links the Contractile Ring to the Division Plane
(A) Domain organizations of the fusion proteins. CH-AHD-PH, MLC-AHD-PH, and Mid1-AHD-PH: the C-terminal anillin in fusion with the tandem CH domain of
filamin, myosin regulatory light chain (MLC), and the N-terminal domain of Mid1 (residues 1–550), respectively.
(B and C) Representative cell images (B) and quantification (C) of binuclear cells rescued with different fusion proteins. Experiments were done as in Figure 1G.
White arrows indicated binuclear/multinuclear cells.
(D–F) In vitro reconstitution of F-actin-membrane linkage mediated by anillin. PI(4,5)P2-containing GUVs were labeled with TopFluor-488 (green), and actin
filaments were labeled with Alexa 647-phalloidin (purple). Scale bars, 2 mm.
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Figure 5. Mid1 Shares the Same Core Lipid-
Binding Element as Anillin
(A) Domain organization of Mid1.
(B) Overall structure of the C-terminal Mid1 (resi-
dues 579–920). The C2 domain, the connector
domain, and the PH domain are colored cyan, red,
and yellow, respectively. The lipid-binding loop of
Mid1 is shown as dotted lines.
(C) Structural alignment of the C2 domains be-
tween human anillin (orange) and S. pombe Mid1
(cyan).
(D)Multiple sequence alignments ofMid1 homolog
proteins in fungi around the lipid-binding motif.chimera protein indeed rescued the cytokinetic defects as the
WT anillin (Figure 4C), which further supported the functional
equivalence between anillin and Mid1.
To directly demonstrate the activity of anillin in mediating the
connection between the contractile apparatus and the division
plane, we reconstituted giant unilamellar vesicles (GUVs) to
mimic the plasma membrane of the cells. Without anillin, the
actin filaments did not colocalize with the GUVs (Figure 4D). In
the presence of anillin, larger and brighter actin filaments were
found, consistent with earlier study showing anillin binds and
bundles actin filament (Field and Alberts, 1995; Kinoshita et al.,
2002) (Figure 4E). As a result, many of the vesicles were clus-
tered together and stuck to the actin filament bundles. Addition
of lipidated RhoA to the solution greatly enhanced the recruit-
ment of actin filaments to the GUVs. Some of the vesicles were
even fully decorated with F-actin, leading to formation of purple
rings (Figure 4F). Taken together, these data support the hypoth-
esis that anillin directly links the actomyosin contractile ring with
the cleavage furrow membrane.
Structure Reveals Homologous Element Anchors
S. pombe Mid1 to the Membrane
To explore the mechanism of how S. pombeMid1 is recruited to
the division plane, we determined the structure of a truncated
C-terminal domain of Mid1. The C-terminal Mid1 is prone to
aggregate (Saha and Pollard, 2012b). To facilitate protein purifi-
cation and crystallization, we made a series of deletion con-
structs, including replacing the amphipathic sequence (residues
681–709) with a flexible linker (Celton-Morizur et al., 2004). Dele-
tion of this loop greatly increased the solubility of the protein.
Expression of the protein in the presence of molecular chap-
erons further improved its solubility. Crystals of the C-terminal
domain of Mid1 diffracted to 2.8 A˚ were obtained. Phase infor-
mation was obtained with multiple isomorphous replacement
using anomalous scattering (MIRAS) (Table 1).420 Developmental Cell 33, 413–426, May 26, 2015 ª2015 Elsevier Inc.The C-terminal Mid1 folds into an elon-
gated molecule that contains three do-
mains: an N-terminal b sandwich domain,
a central connector domain, and the
C-terminal PH domain (Figures 5A and
5B). The internal deletion we made is a
part of a long disordered region (residues
655–711) between the b5 and b6 strands
in the structure. As this region contains
over 50 residues while only spanningless than 10 A˚ in space, the deletion we introduced should not
cause any structural perturbation to rest of the molecule.
Given <20% sequence identity, it is surprising that the b sand-
wich domain ofMid1 adopts aC2 domain organization and could
be superimposed with the C2 domain of anillin with a root-mean-
square deviation (RMSD) of 1.94 A˚ over 93 residues (Figure 5C).
The disordered region of Mid1 between the b5 and b6 corre-
sponds to the lipid-binding L3 loop of anillin in space. The struc-
ture suggests that this long disordered region of theC2 domain is
the key element for membrane binding of Mid1. This idea is fully
supported by the previous study showing that this region of Mid1
contains the amphipathic sequence and multiple positively
charged residues (Celton-Morizur et al., 2004). The whole
C-terminal domain of Mid1, including the PH domain, C2
domain, and connector domain, are conserved in the Bud4
proteins in other fungi, including S. cerevisiae, N. crassa, and
A. nidulans (Chant and Herskowitz, 1991; Justa-Schuch et al.,
2010; Si et al., 2012), which suggests Bud4s are homologs of
Mid1 and bind to the plasma membrane with similar mechanism
(Figures 5D and S5A). A previously identifiedMid1mutant, Mid1-
366 (Chang et al., 1996), had a single point mutation (G718D) at
the b6 strand, which would disrupt the structural integrity of the
C2 domain. Supporting the structural prediction, the mutation
led to loss of function of the protein in cells (Figures S5C–S5E).
Mid1 has two unique features that are not found in anillin. One
is the lack of the coiled-coil RBD, which is conserved in animals
but not in fungi (Figures S1B and S5A). The lack of a RBD is
consistent with the finding that no Rho GTPase has been found
to be required for themembrane anchorage ofMid1 in S. pombe.
Another feature is the connector domain. The connector domain
is only conserved in fungi not in metazoans (Figures S1B
and S5A). It packs against the C2 domain, and zips up both
termini of the PH domain in space. This structural arrangement
makes the PH domain distal to the membrane-binding L3 loop
(Figure 5B).
Dimerization EndowsMid1withHighAffinity to PI(4,5)P2
and Restricts Its Position at the Division Plane
The most prominent feature of Mid1 is its dimerization through
the C2 domain, which is not found in other known C2 domain-
containing proteins (including anillin). Multi-angle light scattering
(MALS) measurements indicated that the C-terminal Mid1, with
or without the amphipathic sequence, self-associates to form a
dimer in solution, with amolecular weight of75 kDa (Figure 6A).
Moreover, as indicated by both MALS and analytical ultracentri-
fugation (AUC) measurements, the N-terminal region of Mid1 is
a monomer (Figure 6B), which is different from previous mea-
surement (Saha and Pollard, 2012b). This difference might be
due to how the proteins were purified. These results suggest
thatMid1 is a dimer because of the dimerization of theC-terminal
C2 domain. Full-length Mid1 could not be obtained for direct
analysis due to technical difficulty.
Consistent with the MALS analysis, Mid1 forms dimeric struc-
tures through two types of crystal contacts, in which they have
nearly identical dimerization interface and differs by some
movement of the PH domains (Figures 6C, S6A, and S6B). Dimer
formation occurs mostly through main-chain hydrogen bond
interactions along the b3 and b4 strands of the C2 domains. For-
mation of Mid1 dimer is further stabilized by multiple hydropho-
bic contacts, including Met616, Leu618, and Pro619 in the b3
strand and His631, Phe633, and Phe635 in the b4 strand,
covering a solvent inaccessible area over 1,000 A˚2 on eachmole-
cule (Figure 6D).
In the dimeric structure, the two L3 loops are on the same side
of the molecule, which would allow them to bind the plasma
membrane in a cooperative manner (Figure 6C). To test this
idea, we purified the C-terminal domain of Mid1 containing the
intact L3 loop and measured its lipid-binding affinity. Mid1
does not bind to the PC/PE liposome and it shows a modest
affinity toward PS (Kd of1 mM; Figure 3D). Interestingly, it binds
to PI(4,5)P2 strongly, with a Kd up to 0.12 mM (Figures 3C and
3D). Therefore, the dimeric Mid1 shows strong preference for
PI(4,5)P2. Loss of dimerization significantly weakened the bind-
ing of Mid1 to PI(4,5)P2. Mutations of the hydrophobic C2-C2
interface shifted Mid1 into monomeric state (Figure 6A), which
showed a >10-fold lower affinity to PI(4,5)P2 (Figure 3D). In
contrast, monomerization only slightly reduced the affinity to PS.
Previous genetic evidence has suggested PI(4,5)P2 is impor-
tant for cytokinesis in S. pombe (Zhang et al., 2000). As PI(4,5)
P2 is highly enriched at the cell equator in the dividing cell, it
would provide a strong signal to recruit the dimeric Mid1 after
it releases from the nucleus. To test this idea, we replaced WT
Mid1 with a monomeric mutant (Mid13A) and examined the
phenotype of S. pombe under different conditions (Table S1).
WT Mid1 released from the nucleus and concentrated at the
cell equator during cytokinesis (Figure 6E). In contrast, the
monomeric Mid13A remained concentrated in the nucleus and
its signals on the plasma membrane were more widespread,
even reaching the cell poles (Figure 6E). These data indicated
that dimerization of Mid1 restricts its localization at the division
site during cytokinesis.
Yet, most of the cells with themonomeric Mid1 still had normal
cytokinesis, showing very mild defects in septation (Figure 6F),
which suggests a small fraction of Mid1 at the cell equator was
sufficient to support its function at normal growth condition.DeveIndeed, the morphology and positioning of the contractile ring
marked with myosin regulatory light chain Rlc1 were normal in
mid13A cells (Figures S6C and S6D). However, contractile ring
assembly was significantly faster in mid13A than in mid1+ cells
(Figures S6C–S6F), which is consistent with the softer anchoring
of cytokinesis nodes and the ring by the monomeric Mid1. In
contrast, the rates of ring constriction were the same in mid13A
and mid1+ cells, consistent with the fact that Mid1 has left the
ring at this stage and the ring is anchored by other proteins.
We reasoned that the mild phenotype ofmid13A cells is due to
the redundant pathways to anchor Mid1 on the plasma mem-
brane. To test this idea, we combined mid13A with a deletion
mutant (gef2D) of Gef2, which interacts with the N terminus of
Mid1 and stabilizes Mid1 at the division plane (Ye et al., 2012;
Zhu et al., 2013). As expected, mid13A gef2D double mutants
had strong synthetic defects in division-plane placement and
septum formation at 36C (Figures 6F–6H). Together, these
data indicate that dimerization endows Mid1 with high affinity
and selectivity for PI(4,5)P2, which is critical for its anchorage
at the division site and provides the robustness for cytokinesis.
DISCUSSION
In this study, we provided structural and functional frameworks
for how anillin and Mid1 anchor to the plasma membrane
at the cleavage furrow through multivalent interactions. We
confirmed the long-standing hypothesis that anillin connects
the contractile machinery with the division plane. Furthermore,
we discovered the conserved basic machinery and divergent
regulation mechanisms in the anchorage of contractile ring at
the division plane through the anillin/Mid1 family proteins across
evolution.
Model of Division Plane Anchorage of Anillin
Instead of associating with the plasmamembrane by a single PH
domain, anillin is anchored at the division plane through syner-
gistic actions of three membrane-binding elements. Among
these elements, the C2 domain is at the central position (Fig-
ure 7A). The C2 domain is very diverse in sequence (Cho and
Stahelin, 2006), which made its identity in anillin hardly detect-
able. The C2 domain of anillin is unusual in that it has a very
long L3 loop with over 40 residues, while the L3 loops of most
of the C2 domains have only about 10 (Nalefski and Falke,
1996). The L3 loop of anillin likely binds to themembrane through
its multiple positively charged and hydrophobic residues. This
feature of the C2 domain is highly conserved among the anillin
homologs in metazoans, and even in fungi.
Membrane binding of anillin is enhanced by the PH domain,
which has been well established as an important element for
the membrane recruitment of anillin in animal cells (Liu et al.,
2012). The PH domain is tethered to the C-terminal end of the
C2 domain through a linker sequence, which is exposed to sol-
vent in the structure. In this structural configuration, the PH
domain would be allowed to rotate and cooperate with the C2
domain in membrane anchorage of anillin (Figure 7A). Consistent
with the structural prediction, the PH domain increases the bind-
ing affinity of anillin to both PI(4,5)P2 and PS liposomes.
RhoA is a key factor in membrane anchorage of anillin. First, it
greatly enhances the membrane affinity. Second, it provides thelopmental Cell 33, 413–426, May 26, 2015 ª2015 Elsevier Inc. 421
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Figure 6. Dimerization of Mid1 Restricts Its Localization at the Mid Cell during Cytokinesis
(A) MALS analysis of the C-terminal domain of Mid1. The following are shown: Mid1 (579–920), WT (black line); Met616, Leu618, and Pro619 mutated to alanine
(Mid13A, red); Met616 mutated glutamate (Mid1M616E, green); and replacing the hydrophobic loop, Mid1 (579–920rep, blue).
(B) AUC (left) and MALS (right) independently show that the N-terminal region of Mid1 (1–452) is a monomer. AUC analysis yielded a sedimentation coefficient of
1.2S, frictional ratio of 4.08, and the molecular weight 50 kDa.
(C) Structure of Mid1 dimer.
(D) Close-up view of the dimerization interface.
(E) Dimerization of Mid1 is important for its cellular localization. Yellow arrowheads mark the spreading of the mutant protein to the cell poles.
(F) Quantification of cytokinesis defect in the WT and mutant cells.
(G) Differential interference contrast (DIC) images of WT, gef2D, mid13A, and gef2D mid13A cells grown at 36C for 4 hr. Arrowheads denote aberrant septa.
Scale bars, 5 mm.
(H)mid1mutant has synthetic interactions with gef2D. gef2Dmid13A mutant cells were darker than WT and single mutants when incubated at 36C for 30 hr on a
YE5S+Phloxin B plate. Phloxin B is a dye that will accumulate in dead or unhealthy cells.
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A B Figure 7. Models for the Anchorage of Con-
tractile Ring at Division Plane throughAnillin
and Mid1
(A and B) Anillin (A), RhoA, and Mid1 (B) are shown
as cartoon models. The plasma membranes are
schematically shown as double lines. The disor-
dered lipid-binding loops and the amphipathic
sequence are shown as a dotted line and a cylin-
der, respectively. The C-terminal tail of RhoA is
indicated by a red line. The N-terminal domain of
anillin (orange oval) interacts with actin filament
(green line) and myosin (blue). Gef2 (gray circle)
interacts with the N terminus of Mid1. Additional
contractile ring components (gray ovals).spatial cue to recruit anillin to the division plane. It is known
that RhoA is attached to the plasma membrane through its
lipidated C-terminal tail, and activated at the cleavage furrow
by Rho GEF Ect2 (Tatsumoto et al., 1999; Yu¨ce et al., 2005).
In the structure of anillin-RhoA complex, the C-terminal tail of
RhoA is in close proximity to the lipid-binding L3 loop. Thus,
the structure of anillin allows all these elements—the C-terminal
tail of RhoA and the L3 loop of the C2 domain and the PH
domain—to orient toward and synergistically bind to the plasma
membrane (Figure 7A).
Quantitative analyses indicated that although any of these el-
ements is not strong on its own, a combination of two or three
weak interactions achieves high avidity in the overall binding.
Our structural and biophysical characterizations provide amodel
to understand the synergy.
Conserved Basic Machinery but Divergent Regulatory
Logics Anchor the Contractile Ring at the Division Plane
from Yeast to Humans
Cytokinesis in animal cells and yeast seems to occur through
very distinct processes. Animal cells perform open mitosis,
where a sophisticated signaling network involving Rho GTPase
is required for the anchorage of the contractile ring. S. pombe
performs closed mitosis, where the position of contractile ring,
and its stable anchorage at themid cell are controlled by the pos-
itive signal from the intact nucleus and the inhibitory signal from
the cell poles (Rincon and Paoletti, 2012).
Yet, many components of the contractile ring are conserved
from yeast to humans (Laporte et al., 2010). The lipid compo-
nents of the division plane, PI(4,5)P2 in particular, are conserved
too (Field et al., 2005; Zhang et al., 2000). In this study, we found
the mechanisms that link the contractile ring with the division
plane are also conserved. Anillin and Mid1 have functional
exchangeable N-terminal domains, which are the module
responsible for the stable binding to the contractile ring. At theDevelopmental Cell 33, 413–other end, they attach to the plasma
membrane with the same core element,
the C2 domain. These results suggest
anillin and Mid1 evolve from a common
ancestor and are homologous proteins.
The homology between anillin and Mid1
is further supported by the presence of
the conserved PH domain. As Mid1 at-
taches to the plasma membrane throughthe dimeric C2 domain, the PH domains are distal to the mem-
brane with their lipid binding pocket facing inward (Figure 7B),
whichmake it unfavorable to cooperate with the C2 inmembrane
binding. This probably explains why the PH domain is not essen-
tial for membrane anchorage of Mid1 in cells (Lee andWu, 2012;
Paoletti and Chang, 2000). Yet, the conservation of the PH
domain is of particular interest evolutionally. Arguing against
convergence on the same functionality, the presence of PH
domain in Mid1 provides a strong evidence to support Mid1
inherits this domain from a common ancestor as anillin. Thus,
the same protein family (anillin/Mid1) provides a general mecha-
nism to anchor the contractile ring at the division plane across
the boundary of closed and open mitosis (Figure 7).
Anillin and Mid1 do diverge out to have distinct features to fit
the different regulatory logics in animal cells and fungi. In animal
anillins, the C2 domain fuses with the RBD domain, which re-
sponds to the combined signals from PI(4,5)P2 and Rho GTPase
in animal cells. No Rho GTPase is required for membrane target-
ing of Mid1 in S. pombe, and the position of Mid1 is regulated
mainly by the location of the nucleus (Rincon and Paoletti,
2012). A ‘‘receptor’’ at the cell surface was proposed to catch
Mid1 near the nucleus (Paoletti and Chang, 2000). Our analysis
suggest PI(4,5)P2, which clusters at the cell equator in the
dividing cells (Zhang et al., 2000), would be the long-sought
‘‘receptor.’’
Several independent observations add on to this notion. First,
Mid1 shows strong preference for PI(4,5)P2, which would restrict
Mid1 at the cell equator around the nucleus due to the high affin-
ity and fast binding kinetics. In fact, the dimeric structure endows
Mid1 with even higher affinity to the PI(4,5)P2 membrane than
that of anillin in the presence of RhoA (Figure 3D). SoMid1 would
be anchored at division plane through its interactions with PI(4,5)
P2, bypassing the requirement for Rho GTPase. Second, mono-
meric Mid1 mutant has a low affinity for PI(4,5)P2. As a result, it
was retained largely inside the nucleus and diffused away from426, May 26, 2015 ª2015 Elsevier Inc. 423
the cell equator after exiting from the nucleus. The retention at
the nucleus is not due to the perturbation of exporting pathway,
as the nuclear exporting signal is far from the mutation sites
(Paoletti and Chang, 2000). Third, PI(4,5)P2 distributes uniformly
at lower density along the plasma membrane during interphase
(Zhang et al., 2000), which suggests Mid1 would have lower
affinity to the plasma membrane at this time period. Thus, stable
anchorage of Mid1 to the plasma membrane at the interphase
nodes requires other elements. Consistently, it has been re-
ported that the N-terminal half of Mid1 interacts with Cdr2,
Gef2, and other proteins, which stabilize the association of
Mid1 with the plasma membrane during interphase (Lee et al.,
2012; Rincon and Paoletti, 2012; Saha and Pollard, 2012b).
Cdr2 is in turn regulated by the negative signal from the cell poles
and restricts Mid1 localization at mid cell (Almonacid et al., 2009;
Rincon et al., 2014). Hence, our model is consistent with both the
positive and negative regulation signals in the positioning of
Mid1 in cells. PI(4,5)P2 is well known as a key signaling molecule
for cytokinesis in animal cells, while it is less studied in fungi
(Barr and Gruneberg, 2007). Our work suggest that PI(4,5)P2
works as a common ancient marker for the anchorage of the
contractile ring from yeast to humans.
In summary, our findings reveal the unexpected conservation
of the general machinery for the anchorage of the contractile ring
through the anillin/Mid1 family proteins across evolution. On top
of this basic machinery, these proteins evolve unique features
that fit the distinct regulation pathways to ensure faithful segre-
gation of the genetic materials during cytokinesis in different
systems. Our results also provide a structural framework to
understand the functions of anillin outside cytokinesis and in
human disease conditions (Gbadegesin et al., 2014; Reyes
et al., 2014; Suzuki et al., 2005).
EXPERIMENTAL PROCEDURES
Protein Expression, Purification, Crystallization, Data Collection,
and Structure Solution
For a detailed description of protein purification and related structure determi-
nation, please see the Supplemental Experimental Procedures. Briefly, actin
and lipidated RhoA were expressed in insect cells. All of the anillin proteins
were overexpressed in the E. coli strain BL21(DE3). MBP-tagged Mid1
proteins were overexpressed in the Chaperone Competent Cell pGro7
BL21(DE3) strain of E. coli. The proteins were purified through multiple steps
of chromatography to homogeneity. Crystals of anillin and Mid1 were grown
at 18C by hanging-drop vapor diffusion methods. Diffraction data from native
crystals of anillin, anillin-RhoA complex, and Mid1, as well as derivative crys-
tals of Mid1 soaked with heavy atoms Au and Hg, were collected at the beam-
line of the Shanghai Synchrotron Radiation Facility (SSRF). Diffraction data
from derivative crystals of anillin soaked with NaI were collected at the beam-
line of the Beijing Synchrotron Radiation Facility (BSRF). The structures of
human anillin and S. pombe Mid1 were solved by experimental phasing and
that of the anillin-RhoA complex by molecular replacement (MR). The initial
model was built with Buccaneer or Resolve. The rest of the model was built
manually using Coot. Refinement was performed with Phenix.
MALS, AUC, SPR, and ITC Measurements
For a detailed description of the quantitative MALS, AUC, SPR, and ITC mea-
surements, please see the Supplemental Experimental Procedures. In brief,
MALS was done with an 18-angle light scattering detector (DAWN HELEOS)
(Wyatt Technology). AUCwas performed with a Beckman XL-I analytical ultra-
centrifuge (Beckman Coulter). The SPR was performed at room temperature
with L1 chip on Biacore T200 instrument. The binding affinity of AHD of anillin
toward RhoA(181)-Q63L was measured using ITC200 (MicroCal).424 Developmental Cell 33, 413–426, May 26, 2015 ª2015 Elsevier InPhospholipids Pelleting and GST Pull-Down Assays
Please refer to the Supplemental Experimental Procedures for a description for
the phospholipids pelleting and GST pull-down assays.
Animal Cells Transfection and Microscopy Analysis
HeLa cells and S2 cells were transferred with various anillin constructs as
described in the Supplemental Experimental Procedures. siRNA of anillin
was generated to target the sequence CGAUGCCUCUUUGAAUAAA, as
described before (Piekny and Glotzer, 2008). For statistical analysis, more
than 200 cells for each transfected cell population, from at least three indepen-
dent experiments, were scored. Graphswere produced and statistical analysis
carried out in Microsoft Excel. Bar charts show mean values with error bars
representing standard deviation (SD). The p values were calculated using
the Student’s t test (two sample equal variance, two-tailed); *p < 0.01.
Reconstitution of the Membrane and F-Actin Linkage
A detailed description of the reconstitution can be found in the Supplemental
Experimental Procedures. The GUVs were prepared with electroformation
method using Vesicle Prep Pro (Nanion, Germany). Images were obtained uti-
lizing an inverted confocal microscope (Zeiss LSM 780).
Yeast Strain Construction and Methods
For a list of yeast stains used in this study and the relatedmicroscopic analysis,
please refer to the Supplemental Experimental Procedures.
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